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We have characterized the function of a plant R2R3-MYB transcription factor, Arabidopsis thaliana
MYB20 (AtMYB20). Transgenic plants overexpressing AtMYB20 (AtMYB20-OX) enhanced salt stress
tolerance while repression lines (AtMYB20-SRDX) were more vulnerable to NaCl than wild-type
plants. Following NaCl treatment, the expressions of ABI1, ABI2 and AtPP2CA, which encode type
2C serine/threonine protein phosphatases (PP2Cs) that act as negative regulators in abscisic acid
(ABA) signaling, were suppressed in AtMYB20-OX but induced in AtMYB20-SRDX. The electropho-
retic mobility shift assay results revealed that AtMYB20 binds to the promoter regions containing
the MYB recognition sequence (TAACTG) and an ACGT core element of ABI1 and AtPP2CA. These ﬁnd-
ings suggest that AtMYB20 down-regulates the expression of PP2Cs, the negative regulator of ABA
signaling, and enhances salt tolerance.
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Plants are sessile organisms and therefore cannot ‘escape’ by
moving away from adverse living conditions arising from environ-
mental perturbations. Salinity is one of the more severe environ-
mental factors that limits plant biomass-based crop production,
primarily by reducing seed germination, root elongation and
growth [1,2].
Plants possess molecular and cellular mechanisms to sense
environmental stresses and to transduce stress signals and activate
stress-responsive gene expression, all of which ultimately enable
the plant to make the appropriate physiological and biochemical
adaptations to the stress. In plant stress adaptation processes,
the transcriptional regulation of gene expression is a critical step
in establishing the cellular stress physiology that will enable the
plant to survive and sustain. Studies on plant genomes have iden-
tiﬁed a large number of transcription factors (TFs) that regulategene transcription through their direct or indirect binding to
DNA. These proteins have been classiﬁed into different super fam-
ilies, such as the MYB, bZIP, WRKY, ZINK and ERF. The MYB family
of TFs is very large and has been subdivided into four different sub-
groups based on sequence similarities of the MYB domain: 1R-,
R2R3-, 3R-, and 4R-MYB [3,4]. In Arabidopsis, more than 100 MYBs
have been identiﬁed as R2R3-MYB proteins, and many of these are
known to be involved in the transcriptional regulation of a variety
of biological processes related to growth and development, as well
as responses to biotic and abiotic stresses. For example, the Arabid-
opsis thaliana (At) MYB2 (AtMYB2) interacts with calmodulin and
enhances salt stress tolerance [5], overexpression of AtMYB44 re-
sults in rapid abscisic acid (ABA)-induced stomatal closure and en-
hances abiotic stress tolerance [6] and MYB15 enhances the
expressions of genes involved in ABA biosynthesis and improves
salt and drought tolerance [7].
Type 2C serine/threonine protein phosphatases (PP2Cs) consti-
tute the largest protein phosphatase family in various plant gen-
omes and are known to play important roles in eukaryotic signal
transduction. In Arabidopsis, 76 PP2Cs have been identiﬁed to date,
and these function in signal transduction pathways for stress re-
sponses and development. Speciﬁcally, type A PP2Cs, such as
ABI1, ABI2 and AtPP2CA, have been well characterized as negative
regulators of ABA signaling [8]. ABA receptor complexes sequester
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activation of protein kinase pathways and the induction of down-
stream gene expression [9]. ABA-insensitive mutants abi1-1 and
abi2-1 are salt tolerant [10], and it is known that abi2 shows in-
creased tolerance to salt stress due to the disruption of interaction
between SOS2 and ABI2 [11]. Given this crucial role of ABA in salt
stress, researchers are increasingly focusing on the signiﬁcance of
ABA signaling control of TFs in salt stress.
In the study reported here, we identiﬁed another layer of ABA
signaling control that functions through the direct down-regula-
tion of PP2C expression by Arabidopsis thaliana MYB20 (AtMYB20),
an uncharacterized R2R3-MYB TF [4]. Overexpression of AtMYB20
in transgenic Arabidopsis plants enhanced salt tolerance in seed-
lings and adult plants. These ﬁndings add to our understanding
of the regulatory pathways of ABA signaling which play important
roles in the salt stress adaptation of plants.
2. Materials and methods
Detailed descriptions of plant growth conditions, construction
of the transgenic lines, subcellular localization, histochemical as-
say of ProAtMYB20:GUS, the seed germination assay, the salt toler-
ance assay, analysis of RNA expression and electrophoretic
mobility shift assay (EMSA) used in this study are provided in
the Supplementary material.
3. Results and discussion
3.1. Expression patterns and subcellular localization of AtMYB20
AtMYB20 expression in 2-week-old wild-type plants exposed to
various stresses and stress-related hormones was studied by quan-
titative reverse transcription (RT)-PCR. AtMYB20 expression was
induced within 2 h following exposure to 250 mM NaCl, reaching
a maximum level, which was approximately 2.5-fold higher than
that of the non-treated control, in 4 h (Fig. 1A). Following the
exogenous application of 200 lM ABA, AtMYB20 expressionFig. 1. Expression patterns and subcellular localization of AtMYB20. (A) Real-time PCR of
medium were exogenously treated with 250 mM NaCl and 200 lM ABA for 0, 2, 4, 8 and
long-day condition (16/8 h, light/dark) were not watered for 0, 6 and 12 days, respectivel
an internal control. Error bars indicate standard deviations (S.D.) from three independe
⁄⁄P < 0.01, ⁄⁄⁄P < 0.001, Student’s t-test analysis). Histochemical analysis of ProAtMYB20:G
cauline leaf; (F) stem, scale bar = 200 lm; (G) silique; (H) ﬂower, scale bar = 200
Pro35S:AtMYB44-GFP (marker) and Pro35S:GFP (control) were introduced into onion epi
microscope. Green ﬂuorescent protein (GFP), GFP ﬂuorescence; Bright, bright-ﬁeld image
Scale bar = 100 lm.slightly increased in 2 h and was 1.6-fold higher than that of the
control at 4 h (Fig. 1A). Plants exposed to the drought treatment
for 6 days also showed a slight increase in AtMYB20 expression
(approximately 1.8-fold higher than that of the control; Fig. 1A).
However, AtMYB20 expression was reduced by approximately
0.5-fold compared to that of the control in the presence of salicylic
acid (SA, 2 mM) and methyl jasmonate (JA, 50 lM) (Supplementary
Fig. 1). To investigate the precise spatial expression pattern of At-
MYB20, we constructed ProAtMYB20:GUS transgenic plants and
analyzed b-glucuronidase (GUS) expression in these transgenic
plants. The AtMYB20 promoter was found to drive GUS expression
in the chalaza of dry mature seeds (Fig. 1B), cotyledons (Fig. 1C),
rosette leaves (Fig. 1D), cauline leaves (Fig. 1E), veins of stems
(Fig. 1F), mature siliques (Fig. 1G) and sepal with style in ﬂowers
(Fig. 1H). These ﬁndings are consistent with the RT-PCR data
(Supplementary Fig. 2). Further analysis of GUS expression in 2-
week-old ProAtMYB20:GUS transgenic plants exposed to salt stress
revealed that compared to control plants (non-treated plants; Sup-
plementary Fig. 3A), GUS expression was strongly enhanced in the
former 4 h following exposure to 250 mM NaCl (Supplementary
Fig. 3B). Also of note, GUS was distinctly expressed in the veins
of leaves and stems (Fig. 1C–F). Similar GUS expression patterns
have been reported for promoters of AtPLDd, GOPK and AtADC2,
which also function in salt stress responses [12–14]. A search of
the PlantCARE database (bioinformatics.psb.ugent.be/webtools/
plantcare/html) revealed that the AtMYB20 promoter (3660 bp)
contains an ABA-inducible element (CACGTG) and a stress-respon-
sive element (TC-rich repeats) located 3652 bp and 1715 bp,
respectively, upstream from the start codon, implying that At-
MYB20 can be induced by both salt and ABA. The localization of
Pro35S:AtMYB20–GFP in the nucleus was veriﬁed in onion epider-
mal cell (Fig. 1I).
3.2. AtMYB20-OX enhances salt stress tolerance
AtMYB20-overexpression lines (AtMYB20-OX) and SRDX [15]
dominant repression lines (AtMYB20-SRDX) were constructed un-AtMYB20 under stress conditions. Two-week-old wild-type plants grown on MS agar
16 h, respectively. For drought stress, 4-week-old wild-type plants grown under the
y. Each bar represents the transcript level of AtMYB20 relative to that of the eIF4a1 as
nt experiments. Asterisks above columns indicate statistical signiﬁcance (⁄P < 0.05,
US in: (B) dry mature seed, scale bar = 100 lm; (C) cotyledon; (D) rosette leaf; (E)
lm. (I) Subcellular localization of AtMYB20 in nucleus. Pro35S:AtMYB20–GFP,
dermal cells using particle bombardment, and then observed under a ﬂuorescence
; Merge, merged GFP and bright-ﬁeld image; DAPI, DAPI staining of nucleus image.
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the biological role of AtMYB20. The expression of AtMYB20 was
higher in two of these AtMYB20-overexpression lines, i.e., At-
MYB20-OX 1-6 and 6-6, than in the wild type (Supplementary
Fig. 4A), and these two lines were therefore used in subsequent
experiments. Because it proved impossible to obtain a homozygous
T-DNA knockout line, we produced the chimeric repressor lines by
substituting a SRDX domain at the 30 end of the AtMYB20 for the
stop codon (Supplementary Fig. 4B). A higher expression of At-
MYB20-SRDX was detected in the AtMYB20-SRDX 5-8 and 8-3 lines
(Supplementary Fig. 4C), and these two lines were used as repres-
sion lines in subsequent.
A seed germination assay on Murashige and Skoog (MS) agar
media with or without 100, 150, 200 mM NaCl or 1, 2, 5 lM ABA
was performed to investigate whether AtMYB20 is involved in
the ABA-dependent salt stress response. The germination rates of
wild type, AtMYB20-OX and AtMYB20-SRDX seeds were almost
100% on MS agar media without NaCl after 4 days. Compared to
the wild-type plants, the AtMYB20-OX and AtMYB20-SRDX lines
were insensitive and oversensitive, respectively, to NaCl (Fig. 2A).
For example, on MS agar medium containing 150 mM NaCl, the
germination rates of the wild-type, AtMYB20-OX 1-6, AtMYB20-OX
6-6, AtMYB20-SRDX 5-8 and AtMYB20-SRDX 8-3 seeds were around
61%, 67%, 75%, 14% and 11%, respectively. Similar germination pat-
terns were observed in response to ABA (Fig. 2B). These data sug-Fig. 2. Phenotypes of AtMYB20-OX and AtMYB20-SRDX in seed germination and seedling
AtMYB20-OX and AtMYB20-SRDX lines were germinated on MS agar media containing 0, 1
measured on the fourth day after sowing. Error bars indicate S.D. from three independen
< 0.05, ⁄⁄P < 0.01, Student’s t-test analysis). (C) Phenotypes of seedlings were incubate
AtMYB20-OX 6-6, AtMYB20-SRDX 5-8 and AtMYB20-SRDX 8-3 seedlings were grown on MS
and 200 mM NaCl. Seedlings were observed 5 days after NaCl treatment. (D) Relative ro
AtMYB20-SRDX 5-8 and AtMYB20-SRDX 8-3 seedlings grown on MS agar media were tran
were measured 10 days after the initiation of NaCl treatment. Error bars indicate S.D. from
signiﬁcance (⁄P < 0.05, Student’s t-test analysis).gest that AtMYB20 has a regulatory function in the salt and ABA
stress responses during seed germination.
Our analysis of the growth response of AtMYB20-OX and At-
MYB20-SRDX seedlings cultured in NaCl-containing MS liquid med-
ia revealed that AtMYB20-OX seedlings were more tolerant than
wild-type seedlings to NaCl, while AtMYB20-SRDX seedlings were
susceptible to NaCl (Fig. 2C). The root lengths of AtMYB20-OX 1-6,
AtMYB20-OX 6-6 and wild-type seedlings growing onMS agar med-
ia containing 200 mM NaCl were about 67%, 70% and 54%, respec-
tively, of those of AtMYB20-OX 1-6, AtMYB20-OX 6-6 and wild-type
seedlings growing on MS media without NaCl (Fig. 2D). In another
study, 4-week-old plants grown on soil were watered at 4-day
intervals with 300 mM NaCl, for a total of three treatments. Two
weeks after the initial NaCl treatment, AtMYB20-OX plants were
growing vigorously, but wild-type and AtMYB20-SRDX plants
showed clear signs of wilting, with chlorotic leaves (Fig. 3A). The
ﬁnal survival rate of AtMYB20-OX 1-6, AtMYB20-OX 6-6, wild-type,
AtMYB20-SRDX 5-8 and AtMYB20-SRDX 8-3 plants was 79%, 77%,
31%, 29% and 23%, respectively. Compared to the untreated
controls, AtMYB20-SRDX 5-8, AtMYB20-SRDX 8-3, wild-type, At-
MYB20-OX 1-6 and AtMYB20-OX 6-6 plants suffered water losses
of approximately 64%, 66%, 60%, 45% and 36%, respectively
(Fig. 3B). Signiﬁcant differences in the change in chlorophyll con-
tents of these plants were also noted, with the leaves of wild-type,
AtMYB20-OX 1-6, AtMYB20-OX 6-6, AtMYB20-SRDX 5-8 andstage under stress conditions. (A and B) Germination assay. Seeds of the wild-type,
00, 150 and 200 mM NaCl (A) and 0, 1, 2 and 5 lM ABA (B). Germination rates were
t experiments (n = 36). Asterisks above columns indicate statistical signiﬁcance (⁄P
d with different NaCl concentrations (as designated). Wild-type, AtMYB20-OX 1-6,
agar media for 10 days and then transferred to liquid media containing 0, 100, 150
ot length of seedlings. Four-day-old wild-type, AtMYB20-OX 1-6, AtMYB20-OX 6-6,
sferred to MS agar media containing 0 and 200 mM NaCl, respectively. Root lengths
two independent experiments (n = 10). Asterisks above columns indicate statistical
Fig. 3. Salt stress tolerance of adult AtMYB20-OX plants. (A) Phenotypes of adult plants after NaCl treatment. Four-week-old wild-type, AtMYB20-OX 1-6, AtMYB20-OX 6-6,
AtMYB20-SRDX 5-8 and AtMYB20-SRDX 8-3 plants were watered at 4-day intervals with 300 mM NaCl, for a total of three treatments. Plants were observed 2 weeks after
initiation of NaCl treatment. (B) Transpiration rates of the whole rosette leaves shown in (A). The rates of water loss of the wild-type, AtMYB20-OX 1-6, AtMYB20-OX 6-6,
AtMYB20-SRDX 5-8 and AtMYB20-SRDX 8-3 leaves are given as relative values to that of the untreated plants. (C) Chlorophyll contents of the whole rosette leaves shown in (A).
Chlorophyll contents of wild-type, AtMYB20-OX 1-6, AtMYB20-OX 6-6, AtMYB20-SRDX 5-8 and AtMYB20-SRDX 8-3 leaves are given as relative values to that of the untreated
plants. Error bars indicate S.D. from two independent experiments (n = 10). Asterisks above columns indicate statistical signiﬁcance (⁄P < 0.05, ⁄⁄P < 0.01, ⁄⁄⁄P < 0.001,
Student’s t-test analysis).
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the chlorophyll contents of the untreated controls (Fig. 3C). How-
ever, the phenotypic differences observed under the salt stress
condition were not apparent under drought stress (Supplementary
Fig. 5), suggesting that AtMYB20 plays a relevant role in the salt
stress response.
3.3. AtMYB20 acts as a negative regulator of PP2Cs in ABA-dependent
salt stress response
Wild-type and transgenic plants were exposed to 250 mM NaCl,
and the expressions of ABF3, ABF4, ABI1, ABI2 and AtPP2CA were
monitored 2 h and 4 h after exposure to further clarify the function
of AtMYB20 in salt tolerance responses. ABF3 and ABF4, which en-
code salt-inducible ABA-responsive elements (ABRE) binding fac-
tors in the ABA signaling pathway [16,17], showed similar
expression patterns in the wild-type, AtMYB20-OX and AtMYB20-
SRDX plants subjected to the NaCl treatment (Fig. 4A and B). How-
ever, compared to the wild type, the salt-induced expressions of
ABI1, ABI2 and AtPP2CA, which encode PP2Cs that are negative reg-
ulators of ABA signaling [10,11,18–22], were signiﬁcantly sup-
pressed in AtMYB20-OX plants and enhanced in AtMYB20-SRDX
plants (Fig. 4C–E). Since the expressions of ABI1, ABI2 and AtPP2CA
were more or less similar in the wild-type, AtMYB20-OX and At-
MYB20-SRDX plants prior to the salt treatment (Fig. 4C–E), it would
appear that AtMYB20 alone was insufﬁcient to suppress ABI1, ABI2
and AtPP2CA expression. However, it is possible that AtMYB20 may
act together with other salt- and/or ABA-activated regulatory fac-
tors to suppress target gene expression. This notion is consistent
with several reports of functional mechanisms of MYB TFs that
work together with basic helix-loop-helix (bHLH) TFs via direct
protein–protein interactions [23–25]. Following the NaCl treat-
ment, ABI1, ABI2 and AtPP2CA expression was decreased in At-
MYB20-OX plants, but increased in AtMYB20-SRDX plantscompared to the wild type (Fig. 4C–E). Similar expression patterns
have also been reported in transgenic Arabidopsis plants over-
expressing AtMYB44[6] and BrERF4[26]; these transgenic plants
showed a decreased PP2C expression in response to salt treatment.
Moreover, transgenic lines overexpressing a plant-speciﬁc histone
deacetylase, AtHD2C, were also found to negatively regulate ABI2
expression, resulting in the plants becoming salt stress-tolerant
[27]. These transgenic lines [6,26,27] and the AtMYB20-OX plants
of our study had similar gene response patterns and salt-tolerant
phenotypes. Interestingly, AtMYB20 expression was also sup-
pressed in abi1 after ABA treatment (Supplementary Fig. 6). Based
on these results, we suggest that AtMYB20 negatively regulates
PP2Cs but that it is also feedback-regulated by ABI1in the ABA-sig-
naling pathway.
3.4. AtMYB20 binds to the promoter of ABI1 and AtPP2CA in vitro
An EMSA was performed to determine whether AtMYB20 di-
rectly regulates PP2C expression through binding to the promoter
region of PP2Cs in vitro. First, we puriﬁed the recombinant full-
length and truncated AtMYB20 proteins fused with glutathione
S-transferase (GST) in Escherichia coli (Supplementary Fig. 7). A bio-
informatic analysis of PlantCARE revealed that both MYB recogni-
tion sequence (TAACTG) and an ACGT core element [28,29] were
present in the promoters of ABI1 and AtPP2CA, but not in that of
ABI2. Probe I (ABI1: 806 to 772; 50-ATGTGACCAAAAATAA
TAACTGAATCTTAGTTGTT-30), probe II (ABI1: 1259 to 1220; 50-
CACGTCACCCTCTCTCCTTCCCATTTTCTTCGTCTACGTG-30) and probe
III (AtPP2CA: 2483 to 2456; 50-CGTATTCACGTAAGTTTAACAA
TTATCC-30) were biotin-labeled and used for the EMSA analysis
with AtMYB20. Both full-length and truncated AtMYB20 proteins
were found to bind speciﬁcally to probe I, probe II and probe III oli-
gonucleotides (Fig. 5), suggesting that the ABI1 and AtPP2CA pro-
moters may be the direct targets of AtMYB20.
Fig. 4. Expressions of salt-inducible marker genes in ABA signaling pathway in wild-type, AtMYB20-OX and AtMYB20-SRDX plants after NaCl treatment. Expressions of ABF3,
ABF4, ABI1, ABI2 and AtPP2CAwere analyzed by real-time PCR. RNAs were extracted from whole rosette leaves of 4-week-old plants 2 and 4 h after exposure to 250 mM NaCl.
Each bar represents the relative transcript level of a gene to that of the eIF4a1 as an internal control. Error bars indicate S.D. from three independent experiments. Asterisks
above columns indicate statistical signiﬁcance (⁄P < 0.05, ⁄⁄P < 0.01, ⁄⁄⁄P < 0.001, Student’s t-test analysis).
Fig. 5. EMSA of AtMYB20 binding to the cis-elements of the ABI1 and AtPP2CA promoter. The 100-nM biotin-labeled probes of the ABI1 and AtPP2CA promoters were incubated
with 3 lg of GST-AtMYB20 fusion protein or GST. Probe I, the promoter region (806 to 772) of ABI1 containing a MYB recognition element; Probe II, the promoter region
(1259 to 1220) of ABI1 containing an ACGT core element; Probe III, the promoter region (2483 to 2456) of AtPP2CA containing an ACGT core element. For the
competition test, a speciﬁc probe competitor (non-labeled probe) was added at 500 nM (5-fold) and 1 lM (10-fold). Each lane includes 1 lg of a non-speciﬁc competitor.
Experiments were repeated (n = 3) with similar results and representative data are shown.
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that salt stress induces plants to accumulate ABA, which in turn
drives AtMYB20 expression, the gene products of which directly
bind to the promoters of ABI1 and AtPP2CA to negatively regulate
these two negative regulators of ABA signaling, ultimately
improving the salt tolerance of the plant. We therefore suggest
that the salt-inducible AtMYB20 provides yet another tier of reg-
ulatory steps for ABA signaling which involves the protein kinase
and phosphatase pathways. A more thorough mechanistic under-standing of AtMYB20 function in PP2C suppression will yield in-
sights in the transcriptome reprogramming that lead to
improved stress tolerance of plants under unfavorable salt
conditions.
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